Ultracold polar molecules are an ideal platform for studying many-body physics with longrange dipolar interactions. Experiments in this field have progressed enormously, and several groups are pursuing advanced apparatus for manipulation of molecules with electric fields as well as single-atom-resolved in situ detection. Such detection has become ubiquitous for atoms in optical lattices and tweezer arrays, but has yet to be demonstrated for ultracold polar molecules. Here we present a proposal for the implementation of quantum gas microscopy for polar molecules, and specifically discuss a technique for spin-resolved molecular detection. We use numerical simulation of spin dynamics of lattice-confined polar molecules to show how such a scheme would be of utility in a spin-diffusion experiment.
equilibrium spin systems, and describe how the investigation of such dynamics would proceed under a spin-resolved quantum gas microscope. 40 K 87 Rb [21] is used as an example throughout, but these methods are general, and they can be applied to other ultracold bialkali molecular species [22] [23] [24] [25] [26] .
Spin-resolved molecular microscopy
Ultracold polar molecules are produced by optically transferring weakly-bound, magneto-associated Feshbach molecules [27, 28] to the absolute rovibronic ground state using STImulated Raman Adiabatic Passage (STIRAP) [21, 29] . Imaging molecules directly is challenging since there are no closed cycling transitions as in atoms, though direct imaging has been accomplished with a limited signalto-noise ratio [30] . However, by reversing the STIRAP and magneto-association processes, a groundstate polar molecule can be converted to a pair of free atoms with ∼90-95% fidelity [20, 21, 27, [31] [32] [33] [34] , which can then be imaged on cycling transitions.
The first few rotational states for KRb are shown in Fig. 1a . The states are denoted by |N, m N , where N is the rotational quantum number, and m N is its projection onto the quantization axis (i.e. electric or magnetic field). As shown in Fig. 1b , site-resolved microscopy can be used to perform spin-diffusion studies in a 2D plane. After an initial preparation of spin excitation within a local region, the excitation can diffuse throughout the system via dipolar interactions characterized by an energy scale J, where is Planck's constant divided by 2π, that falls off in range as r −3 .
Creating a two-dimensional molecular sample
For quantum gas microscopy, it is important to prepare the system in a two-dimensional geometry for high-resolution, single-site imaging. With ultracold atoms this can be accomplished by either using a magnetic field gradient to spectroscopically select a single layer with a hyperfine transition [9, 35] , or by using an accordion lattice [36] . Similar options are available for ultracold molecule experiments.
Our favored approach is to spectroscopically select a single layer of molecules using a rotational transition. This can be done by applying an electric field gradient which generates a different DC Stark shift for each layer.
Spin-resolved imaging protocol
Formation and dissociation of ground-state molecules in an optical lattice is well understood [6, 20, 37] , and it has been demonstrated that either K or Rb atoms from dissociated KRb molecules can be imaged in situ to yield consistent results [6, 20] . This is an important step towards building a spinresolved quantum gas microscope of polar molecules as this requires both atoms to be a suitable proxy for molecules. It has also been shown, equally as important, that one species can be removed with resonant light without deleterious effects on the other. In fact, removing a unique atomic species is straightforward since the difference in transition frequencies is on the order of several THz.
Accordingly, each spin state can be mapped onto either atomic species, making a spin-resolved quantum gas microscope of KRb molecules equivalent to simultaneous quantum gas microscopes of K [35, 38, 39] and Rb [8, 9] . We also note that KRb has the convenient feature that the two S 1/2 → P 3/2 atomic transitions are separated by only 13 nm, which minimizes chromatic aberrations in imaging while still making wavelength separation straightforward.
Before describing the mapping protocol in detail, we note that there is freedom in which molecular state is mapped onto which atomic species. Either option is possible in general, but for a given molecular species one choice may prove to be advantageous over the other. In what follows, we focus on the case in which | ↓ is mapped onto K, as shown in Fig. 2 . We also note that we assume the lattice is sufficiently deep such that the tunneling probabilities for molecules or atoms are negligible throughout the entirety of this procedure.
Step I: Dissociating |↓ molecules
The first step in the mapping protocol is to convert | ↓ molecules to a pair of K and Rb on the same site. This is done by reversing the STIRAP sequence, which uniquely couples the |↓ state to Feshbach molecules, and then sweeping the magnetic field across the Feshbach resonance to dissociate the Feshbach molecules. The fidelity of this process is ∼ 90 − 95% [20, 21] , which is limited by the STIRAP efficiency. After dissociation, Rb is in the |F, m F = |1, 1 state and K is in the |9/2, −9/2 state, as shown in step I of Fig. 2 (F denotes the total angular momentum, and m F is its projection on the magnetic field axis).
This STIRAP pulse will not couple | ↑ molecules to the specific Feshbach state, but we must ensure that it does not couple them to any other state. Accordingly, we must look carefully at the full quantum state of the molecules, including the nuclear hyperfine degrees of freedom [40] . In a STIRAP sequence with identically polarized beams, the molecule's angular momentum is conserved, which eliminate most pathways. Furthermore, the STIRAP linewidth is ∼200 kHz and the sequence is 5 µs long [21] , and since the rotational splitting is on the order of GHz, the spectral resolution prohibits driving to an uncoupled state. An electric field can additionally be used during STIRAP to provide even greater selectivity [21] .
Step II: Removing Rb atoms
Following dissociation, one of the species must be removed such that each doublon becomes a site with a single atom. As discussed above, this can be done with a pulse of resonant light. Such pulses, which have been demonstrated to preserve the other atomic spin with high fidelity, are routinely used in atomic quantum gas microscope experiments, with typical blast times between 10 µs and 1 ms depending on the species and lattice depth [6, 8, 9, 35, 38, 39, [41] [42] [43] . Moreover, pulses resonant with the atomic transition have a negligible effect on molecules [6, 20, 21] , thus leaving the |↑ molecules unaffected.
The choice of which atom to be removed first depends on the particular molecular species. Here we consider the removal of Rb first, as in Fig. 2 . Effective removal of Rb can be accomplished in ∼1 ms with > 99.9% fidelity by simultaneously driving the |1, 1 → |2, 2 and |2, 2 → |3, 3
transitions, where |F, m F denotes the electronically excited P 3/2 state. This leaves behind K atoms in the |9/2, −9/2 state.
With Rb atoms removed, we must flip the K atoms to a different spin state such that they can be distinguished from the K atoms that emerge in the subsequent steps. For K, a convenient transition is from |9/2, −9/2 to |7/2, −7/2 , which has a transition frequency of ∼2.7 GHz under 550 G; this transition can be driven with >99% fidelity in tens of µs [43] . As shown in Fig. 2 , after step II, molecules in the | ↑ state and unpaired K atoms remain, with the latter depicted in lighter color with hashed edges to signify the |7/2, −7/2 state.
Step III: Dissociating |↑ molecules
We next convert the | ↑ molecules to a doublon, first by applying a rotational-state-changing microwave pulse to transfer | ↑ → | ↓ . Such pulses have > 99% fidelity in tens of µs [5] . Then the same reverse-STIRAP and magneto-dissociation sequence converts these molecules to doublons. As before, the doublons are in the states |1, 1 for Rb and |9/2, −9/2 for K. This is shown in step III Step IV: Removing K atoms
In the final step, K atoms from the doublons are removed, which shows why the atomic state transfer was necessary in step II. The K atoms that remain from the previous step are in the |7/2, −7/2 state, which are sufficiently detuned from the |9/2, −9/2 → |11/2, −11/2 transition as to not be affected. Therefore, the K atoms in the doublon can be removed with a blast pulse in < 1 ms with high fidelity [43] , which completes the mapping procedure.
Single-molecule addressing
The new KRb apparatus at JILA [17] has a microscope objective for high-resolution detection of polar molecules, in addition to in-vacuum electrodes for single layer selection. Currently, an objective with numerical aperture (NA) of 0.53 is being used, which corresponds to an optical resolution of R min = 900 nm at λ = 780 nm. The lattice spacing is 532 nm. However, future work may use a NA as high as 0.65, with a resolution of 730 nm. A lattice with a f = 30% filling fraction is shown in Fig. 3 , and the sites with molecules are represented as the point spread function corresponding to a representative resolution of R min = 800 nm.
A beam sent through the objective can generate a tight focus on the molecules, which can impart a large AC Stark shift to address a particular molecule. At λ = 1064 nm the molecules are not resonantly coupled from the rovibronic ground state to the electronic excited potentials, resulting in a low scattering rate [37] while still providing a large polarizability [44] . To uniquely select the molecules within the addressing beam, we require that the AC Stark shift be large compared to the Rabi frequency used to drive the rotational transition, which is typically ∼10 kHz. simulations suggest that the perimeter of the |↑ region must be a significant fraction of the enclosed sites in order to see a decay of spin diffusion within experimentally relevant timescales of a few 1/J (see Fig. 4 ). Therefore, a single circular |↑ region of 10's of sites (as in Fig. 1b) would have a small boundary perimeter compared to the total number of sites, and hence spin diffusion would be quite limited and slow. Instead it is desirable to create a scenario where the spin domain perimeter is a significant fraction of the total spins.
To go beyond a single tightly-focused beam, we will introduce an arbitrary potential imaged onto the molecules by way of a spatial light modulator, such as a digital micro-mirror device (DMD) (see Fig. 3 ). These techniques have been used to create arbitrary potentials in atomic systems [45] [46] [47] , and could be applied to molecules to create a disordered spin distribution in the lattice as a platform for investigating, for example, many-body localization [48] .
As discussed in Section 3, we are particularly interested in the case of a checkerboard spin pattern as our initial condition for spin diffusion experiments. The two cases in Fig. 3 correspond to checker sizes of 2 × 2 and 6 × 6 sites. Note that when the checker is sufficiently small as in Fig. 3a, there is < 1 molecule of a given spin in each checker, and it is thus difficult to track the dynamics when detecting only one spin. This shows that spin-resolved detection is essential in such scenarios.
Detection fidelity and technical requirements
After the above protocol, the sites that were |↓ molecules are K atoms in |7/2, −7/2 and the sites that were | ↑ molecules are Rb atoms in |1, 1 . The subsequent imaging via optical molasses [8, 9] cooling or Raman sideband cooling [49] (RSC) operates primarily on the transitions |2, 2 → |3, 3 for Rb and |9/2, −9/2 → |11/2, −11/2 for K, but the repump transitions |1, 1 → |2, 2 for Rb and |7/2, −7/2 → |9/2, −9/2 for K are required anyway to keep atoms in the cycling transition [8, 9, 35, 38, 39] . Hence, both transitions are driven in parallel, and the initial states of the K and Rb atoms in the lattice are unimportant for imaging.
The particular choice of a mapping protocol hinges on the fact that two atoms on a lattice site will quickly undergo inelastic loss when one occupies an excited hyperfine level [20] . Therefore, the time spent in this configuration must be minimized. Due to the inverted hyperfine structure of K, the ground hyperfine level is the cycling state, and thus it is convenient to remove K atoms in Step IV as opposed to Rb. In cases where neither atom has an inverted hyperfine structure, such as NaRb or RbCs, the protocol with higher overall fidelity would involve removing the lighter atom in Step IV.
It is critical that the desired atomic species is preserved during removal of the other. One possible deleterious effect is heating of the desired species by the removal pulses. The heating rates are calculated using the photon scattering rates given by:
where Γ is the linewidth of the electronic excited state, I is the intensity of the removal beam, I sat is the saturation intensity of the atomic transition, and ∆ is the detuning from resonance of the excited state. The heating rate can be calculated from this scattering rate viaṪ = 1/3
where the 1/3 is specific to the case of a harmonic trap, and 2 × E rec is the recoil energy of photon absorption and re-emission [50] .
For a removal beam of intensity I = I sat and detuning ∆ = 0 for the target species, the scattering rate is Γ sc ≈ 10 7 s −1 , which corresponds to a resonant heating rate of ≈1 µK/µs for Rb in the |1, 1 state and ≈2 µK/µs for K in |9/2, −9/2 . These on-resonance heating rates are strong such that the removal pulse can be quite short, on the scale of 1 ms or less, and consequently do not perturb the desired species or spin states for which the off-resonance heating rates are very low. During
Step II, for example, a resonant pulse to remove Rb atoms will have no impact on either K atoms or KRb molecules. In
Step IV, we need to remove K atoms in the |9/2, −9/2 state without affecting the |7/2, −7/2 state. For the removal light tuned on resonance with |9/2, −9/2 → |11/2, −11/2 , the |7/2, −7/2 → |9/2, −9/2 transition has the smallest detuning of 0.84 GHz, corresponding to a scattering rate of Γ |7/2,−7/2 →|9/2,−9/2 = 245 s −1 . Meanwhile, a pulse of length ∼ 1 ms is more than sufficient to remove |9/2, −9/2 K atoms.
Another factor that may play a role during the removal pulses is photo-association. Quantum gas microscopes operate with parity detection because every pair of atoms located on a single lattice site is associated into an electronically excited molecule during the roughly second-long interrogation time. However, the probability of this process happening during the ∼ms removal pulses is known to be low.
We can now estimate the overall detection fidelity of each individual spin component. The detection of |↓ relies on STIRAP, Rb removal, and a K spin flip, which have respective efficiencies of 95%, > 99%, and > 99%. This corresponds to an overall fidelity of 95%. The detection of | ↑ relies on STIRAP and K removal (while preserving K atoms of the other hyperfine state), which have respective efficiencies of 95% and > 95% [43] . However, it also relies on minimal deleterious effects from the first STIRAP pulse. Such effects are expected to be at the single percent level, but will vary between molecular species. Therefore we estimate the overall fidelity of |↑ detection to be 85 − 90%.
Spin impurity dynamics
To further motivate the need for a checkerboard spin pattern and for spin-resolved microscopy, we present simulations of spin-exchange dynamics mediated by long-range dipolar interactions, which give rise to interesting and complex spatial correlations. The Hamiltonian that describes this exchange process is [4, 5, 51] :
, where 0 is the permittivity of free space and a is the lattice spacing.
For KRb molecules in a three-dimensional lattice with spacing a = 532 nm, using the two rotational states |0, 0 and |1, 0 , d ↑↓ ≈ −0.57/ √ 3 D, and |J|/2 = 2π × 104 Hz. For |0, 0 and |1, −1 , |J|/2 = 2π × 52 Hz. We assume that the quantization axis is perpendicular to the twodimensional plane of molecules, which implies that cos θ lk = 0, resulting in an isotropic interaction.
Disorder in such a model manifests itself in two ways: either a disordered potential landscape can be added to the lattice using a projected potential as discussed in the previous section; or, since the lattice filling fraction is less than unity, there is a natural disorder in the filling arrangement of the molecules and consequently in the ||r l − r j || −3 geometrical prefactors for dipolar coupling.
The question about the existence of many-body localization in this 2D system remains open and largely unexplored [3, 48, [52] [53] [54] [55] , while the single particle (Anderson localization) case is better understood [56, 57] .
The initial state is prepared by driving all molecules to the | ↓ state and then selecting an excitation region of the lattice in which the molecules are excited to | ↑ . Once prepared, the total spinŜ z remains constant since it is a conserved quantity. In this case, a useful observable for quantifying the spin dynamics is the imbalanceÎ z (t), which is a measure of the average magnetization of the gas weighted by the initial onsite values, defined aŝ
The imbalance is equal to one initially and will either decay if the system is ergodic or will remain finite at long times if the system localizes.
Since the exact simulation of interacting spins in a 2D lattice becomes intractable as the number of molecules is increased, the simulations presented here are based on the discrete truncated Wigner approximation (DTWA) [58] [59] [60] . The DTWA is a semi-classical method that models the dynamics through a set of classical trajectories (in this case Bloch vector dynamics) that evolve according to the mean field equations. The random initial conditions for each of these trajectories is selected according to the initial state represented as a quasi-probability Wigner distribution. Despite its semiclassical character, DTWA has been shown to be capable of reproducing quantum correlations and to capture the quantum spin dynamics beyond the mean field limit; it has been demonstrated recently to be useful for exploring ergodic/localized dynamics [61] .
We now consider the case where the initial excitation is a checkerboard pattern (which can be generated with spatial light modulators as discussed in the previous section), where the size of each square can be as small as 2 × 2 sites (see Fig. 3 ). For large checker sizes the spin imbalance stays near unity even out to long times, in accordance with the case of a single large circular | ↑ region.
However, as the checker size decreases, substantial spin dynamics occurs and the imbalance drops to ≈ 0.2% within t ≈ 2/J, as in Fig. 4a .
Snapshots of the spin distributions at t = 0 and t = 10/J for checker sizes of 3 × 3, 9 × 9, and 18 × 18 are shown for Fig. 4b-d . It is also worth noting that under our initial conditions total spin observablesŜ α (α = x, y, z) have expectation values equal to zero throughout the entire dynamic process. Therefore, site-and spin-resolved detection is essential to glean all the information from such dynamics. These numerical predictions provide a strong motivation for the experimental capability of microscopic, spin-resolved detection since substantial diffusion occurs only for microscopic areas.
Outlook
An investigation complementary to such spin diffusion experiments is to spectroscopically track the dynamics after driving the molecules to the equatorial plane of the spin Bloch sphere (| → = 1/ √ 2(| ↓ + | ↑ ). This provides a means of studying the so-called Bose-Einstein condensed (BEC) phase of rotational excitations, which has been predicted to appear in 2D above a critical filling fraction [3, 52, 53] . The BEC phase manifests as a divergent T 2 coherence time of the rotational transition even in the presence of inhomogeneous broadening.
The underlying physics behind the long coherence time is the relativistic dispersion relation of the spin wave excitations in 2D for small values of the wave vector, δ k ∝ |k|, which has striking consequences for the thermodynamic phase diagram [3, 52, 53] . We expect that topological excitations such as vortices and solitonic rings could be imprinted and observed in such a system with the aid of microscopic addressing and detection. Furthermore, entanglement of superfluid twins may allow for microscopic measurements of the entanglement entropy in a long-range-interacting system [62] .
